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T h e   U n i v e r s i t y  of T e n n e s s e e   S p a c e   I n s t i t u t e  
Tul lahoma,   Tennessee 

ABSTRACT 

S e v e r a l  researchers h a v e   s t u d i e d  t h e  problem  of  d i s -  

c h a r g e   c u r r e n t   m o d u l a t i o n   n o i s e   i n  t h e  o u t p u t   r a d , i a t i o n  

i n t e n s i t y  of a d-c exci ted He-Ne laser .  Work p r e s e n t e d  

h e r e i n   u s e s   a n   a n a l o g   c i r c u i t  t o  d e m o n s t r a t e  t h e  f e a s i b i l i t y  

of u s i n g   n e g a t i v e   f e e d b a c k  t o  r e d u c e  t h e  d i s c h a r g e   c u r r e n t  

n o i s e   a n d   t h e r e b y   r e d u c e   n o i s e   i n   t h e   o u t p u t   r a d i a t i o n  

i n t e n s i t y .  

* G r a d u a t e   R e s e a r c h   A s s i s t a n t  
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I 

A p p l i c a t i o n  of Negat ive   Feedback  t o  
R e d u c t i o n   o f  G l o w  D i s c h a r g e  Noise 

I. INTRODUCTION 

A number of r e s e a r c h e r s   h a v e   s t u d i e d   t h e   a m p l i t u d e  

s t a b i l i t y   o f   t h e   o u t p u t  r ad ia t ion  i n t e n s i t y  of He-Ne 

lasers. " 2 2 3  7 4  T h e s e   s t u d i e s   h a v e   s h o w n   t h a t   i n  DC excited 

lasers a m p l i t u d e   f l u c t u a t i o n s  e x i s t  which are p a r t i a l l y  

correlated w i t h   f l u c t u a t i o n s   i n   t h e   d i s c h a r g e   c u r r e n t .  

The f l u c t u a t i o n s   i n   t h e   l i g h t   i n t e n s i t y  are o f   s u f f i c i e n t  

magni tude  t o  c a u s e   p r o b l e m s   i n  laser i n s t r u m e n t a t i o n   a n d  

communica t ion   sys tems.  

The f a c t  tha t  t h e   l i g h t   n o i s e  is correlated w i t h   t h e  

d i s c h a r g e   c u r r e n t   n o i s e   s u g g e s t s   t h e   p o s s i b i l i t y   o f   r e d u c i n g  

t h e   l i g h t   n o i s e   b y   a p p l y i n g   c o n v e n t i o n a l   f e e d b a c k   t e c h n i q u e s  

t o  r e d u c e   t h e   n o i s e   i n  t h e  c u r r e n t .   I n  order t o  p u r s u e  

t h i s  idea i t  w a s  d e t e r m i n e d  t o  u s e   a n   a n a l o g   c i r c u i t  where 

a v o l t a g e   r e g u l a t o r   t u b e   f u n c t i o n s  as a n   a n a l o g  t o  t h e  laser 

d i s c h a r g e   t u b e .   T h i s   a p p r o a c h  was used  for t h e   f o l l o w i n g  

r e a s o n s  : 

1) t h e   v o l t a g e   r e g u l a t o r  tube  is a "glow d i s c h a r g e "  

t u b e   a n d   h a s  similar p l a s m a   c o n d i t i o n s  t o  t h e  laser 

d i s c h a r g e   t u b e ,  

T h i s   r e s e a r c h  was p a r t i a l l y   s u p p o r t e d   b y  NASA U n i v e r s i t y  

S u s t a i n i n g   G r a n t  #NGR-43-001-021. 
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2) c o n s i d e r a b l e  work h a s   b e e n  reported i n  t h e  lit- 

e r a t u r e   o n  models or e q u i v a l e n t   c i r c u i t s   f o r  VR 

t u b e s  5 7 6 7 7 9 8 9 9 .  This   work   p rov ides  a b a s i s   f o r   a n  

a n a l y t i c a l   s t u d y  of f e e d b a c k   p r o b l e m s   a s s o c i a t e d  

w i t h  t h e   a n a l o g   c i r c u i t ,  

3) v o l t a g e   r e g u l a t o r   t u b e s  are r e a d i l y   a v a i l a b l e  

a n d   i n e x p e n s i v e .   T h i s  allowed exper imenta l   work  

o n   s t a b i l i t y   p r o b l e m s  t o  p roceed  w h i l e  a laser 

s y s t e m   s u i t a b l e   f o r   n o i s e   s t u d i e s  was be ing   de -  

s igned   and   a s sembled .  

11. DESCRIPTION OF  FEEDBACK  SYSTEM 

F i g u r e  1 shows t h e  schematic d iag ram  o f   t he   p roposed  

f eedback   sys t em.  T h i s  scheme u s e s  a s i g n a l   p r o p o r t i o n a l  

t o  t h e   d i s c h a r g e   c u r r e n t  f o r  c o n t r o l  of t h e   d i s c h a r g e  

c u r r e n t .  

F l u c t u a t i o n s  t h a t  ar ise  i n   t h e   d i s c h a r g e   c u r r e n t  

w i l l  be   r educed   due  t o  t h e  n e g a t i v e   f e e d b a c k .   T h i s   f e e d -  

back  scheme is termed c u r r e n t - t o - c u r r e n t   f e e d b a c k   a n d  is t o  

b e   c o n t r a s t e d  w i t h  f u t u r e  w o r k   o n   l i g h t - t o - c u r r e n t   f e e d b a c k  

w h e r e i n   t h e  laser output   power  is s t a b i l i z e d   b y   c o n t r o l  of 

t h e  laser c u r r e n t .  I t  is clear t h a t  c u r r e n t - t o - c u r r e n t  

f eedback   ( I I -FB)   can  be r e g a r d e d  as making t h e  b i a s   s u p p l y  

2 



f o r  t h e   p l a s m a   t u b e   a p p e a r  more l i k e  a c u r r e n t   s o u r c e .  

S i n c e  t h e  e v e n t u a l   p u r p o s e   o f   t h i s  work is t o  r e d u c e  

f l u c t u a t i o n s   i n  laser p o w e r ,   t h e   n e g a t i v e   f e e d b a c k  tech- 

n iques   employed  w i l l  b e  termed " s t a b i l i z a t i o n "   a n d   t h e  

c i r c u i t r y  w i l l  be  called " s t a b i l i z e r  ." 
I n  order t o  predict  t h e   n o i s e   r e d u c t i o n   a n d  s tab i l i -  

z a t i o n   p e r f o r m a n c e   f o r  t h e  s tab i l izer  i t  was n e c e s s a r y  t o  

have  a s m a l l - s i g n a l   e q u i v a l e n t   c i r c u i t  f o r  t h e  d i s c h a r g e  

t u b e .  One a p p r o a c h   r e p r e s e n t e d   i n  t h e  l i t e r a t u r e  is t o  

measure t h e  impedance   ve r sus   f r equency  characterist ics and 

t h e n   s y n t h e s i z e   a n   e q u i v a l e n t   l u m p e d - p a r a m e t e r   n e t w o r k  t h a t  

would   g ive  t h e  same shape   and   magni tude   impedance   versus  

f r e q u e n c y   c u r v e .  Some s e l e c t i o n   i n  t h e  l a r g e  number  of 

p o s s i b l e   c i r c u i t s   c a n   b e  made on t h e  b a s i s   o f   k n o w l e d g e  of 

t h e  p l a s m a   c o n d i t i o n s .  I t  h a s  b e e n   p o i n t e d .   o u t  t h a t  i f   n o  

a p p r e c i a b l e   s p a c e   c h a r g e   b u i l d s   u p   i n  t h e  a n o d e   r e g i o n ,   t h e n  

t h e  impedance of a d i s c h a r g e  is e s s e n t i a l l y  t h a t  of t h e  

cathode r e g i o n .  6 

For   example ,   F igu re  2 shows a p l o t  of impedance as a 

f u n c t i o n  of f r e q u e n c y   f o r   a n  OA2 d i s c h a r g e   t u b e .  T h i s  

f i g u r e  shows t h a t  t he   impedance  h a s  t h e  same s h a p e  as t h a t  

of a p a r a l l e l  R-L-C network which  h a s  a l o w  Q.  A p o s s i b l e  

e q u i v a l e n t   c i r c u i t  is shown i n   F i g u r e  3. The p a r a m e t e r s  

shown c a n   b e   q u a l i t a t i v e l y   r e l a t e d .  t o  phenomena i n  t h e  

plasma. r c o r r e s p o n d s  t o  t h e  slope of t h e  v o l t a g e - c u r r e n t  

characteristic. I n  a VR t u b e  t h i s  h a s  a small p o s i t i v e  

3 



v a l u e   b y   d e s i g n   w h i c h  is c o n t r a s t e d  w i t h  t h e   u s u a l   n e g a t i v e  

r e s i s t a n c e  of g l o w   d i s c h a r g e s  as, f o r  e x a m p l e ,   w i t h  laser 

t u b e s .  Yeh h a s   s u g g e s t e d  t h a t  t h e  d e l a y   r e p r e s e n t e d   b y  

L c a n  be related t o  t h e   t r a n s i t  t i m e  of t h e   i o n s  across t h e  

c a t h o d e - f a l l   r e g i o n . ’  C is t h e  c a p a c i t a n c e  of t h e  cathode- 

f a l l   r e g i o n   a n d  is of t h e  order of   magni tude   o f  A d d ,  where 

A is  t h e  area o f   t h e   d i s c h a r g e ,  E is t h e  p e r m i t t i v i t y  of 

free s p a c e ,   a n d  d is t h e  l e n g t h  of t h e  cathode-fall r e g i o n .  

R is a damping term w h i c h   d e t e r m i n e s   t h e  Q of t h e  e q u i v a l e n t  

c i r c u i t   a n d  is related t o  c o l l i s i o n s   b e t w e e n   i o n s   a n d  

n e u t r a l s   i n  t h e  ca thode - f  a l l .  

9 

8 

Values  for t h e  p a r a m e t e r s  were o b t a i n e d   f r o m   e x p e r i -  

omen ta l   measu remen t s .  r was d e t e r m i n e d  from t h e  low f r e q u e n c y  

r e s i s t a n c e   a n d  is 600 ohms. R is t h e  r e s i s t a n c e  a t  r e s o n a n c e  

and was found  t o  b e  10,000 ohms. C = 1 0  pf w a s  d e t e r m i n e d  

f rom t h e  l i t e r a t ~ r e . ~  L = 2.5  m i l l i h e n r i e s  w a s  d e t e r m i n e d  

f rom t h e  measured   resonance   f requency   and .  t h e  v a l u e  of C. 

F i g u r e  2 shows m e a s u r e d .   a n d   c a l c u l a t e d   v a l u e s  of impedance 

as a f u n c t i o n   o f   f r e q u e n c y .  From t h i s  F i g u r e  i t  was con- 

c l u d e d  t h a t  t h e   e q u i v a l e n t   c i r c u i t  is a d e q u a t e   f o r   a n a l y s i s  

p u r p o s e s .  

111. CALCULATION  OF  NOISE  REDUCTION AND STABILITY ANALYSIS 

For c a l c u l a t i o n   o f   n o i s e   r e d . u c t i o n   a n d   s t a b i l i t y   a n a l y s i s  

t h e  e q u i v a l e n t   c i r c u i t  .shown i n   F i g u r e  4 w a s  u s e d .   I n   t h e  

a n a l y s i s  t h e  f o l l o w i n g   a s s u m p t i o n s  are made: 

4 



1. r f o r  t h e  p e n t o d e   c a n  be n e g l e c t e d ;  

2. The v o l t a g e   t r a n s f e r   f u n c t i o n  of t h e  f e e d b a c k  
P 

a m p l i f i e r   c a n  be described by 

Km K =  
(1 + S T I P  Y 

3. The i n p u t   r e s i s t a n c e   o f  t h e  amplifier is lumped 

w i t h  Ro; 

4 .  I r e p r e s e n t s  t h e  e q u i v a l e n t   n o i s e   c u r r e n t  n 
g e n e r a t o r  of t h e  discharge. 

For  these c o n d i t i o n s  t h e  o p e n - l o o p   t r a n s f e r   f u n c t i o n  

G is 

I n  Rs + 2 + Ro 
eq 

Refe rence  t o  F i g u r e  3 shows t h a t  Z is 
eq 

- 1 
s + -  r 

L = - -  

eq c s + s(- + -) + 2 r 1 1 r 
L Re “(1 LC + E) 

(3 1 

Combin ing   equa t ions  ( 2 )  and  (3) g i v e s  

s2 + s(- + ”> + “(1 + -) r 1  1 r 
L RC LC  R 

G =  (4 1 

Rs+Ro is2 + s(-  + - l +  1 + “( l t  + - 
RS L RC (Rs+Ro)C  LC  R  Rs+Ro 

1 r 11 

The f eedback  factor  H c a n  be e x p r e s s e d  as 

5 



Km g m  Ro 
( 1  + ST1) (1 + ST2) 

H =  2 

I n  t h i s   e x p r e s s i o n  T~ a c c o u n t s  fo r  t h e   f r e q u e n c y   r e s p o n s e  

of t h e   p e n t o d e .   E q u a t i o n s  (4 )  and. ( 5 )  can   be   combined  t o  

g i v e  

Km gm R o [ s  + s(- + -1 + - (1 + :)] 2 r 1  1 

L RC LC R 
GH = ~ ~~ 

1 +-( 1+-+- r ) ]  
R S  L RC (Rs+Ro C LC R Rs+Ro 

( 6 )  

The order o f   m a g n i t u d e   o f   r e d u c t i o n   i n   n o i s e   c a n   b e  

d e t e r m i n e d   b y   l o o k i n g  a t  t h e  low f r e q u e n c y   c l o s e d - l o o p   t r a n s f e r  

f u n c t i o n ,  - . For t h i s  case, t h e   a p p r o x i m a t i o n  is made t h a t  

s a p p r o a c h e s  zero. The   c losed - loop   func t ion   t hen   becomes  
1-tGH 

W i t h   t y p i c a l   v a l u e s   o f  Rs = 10 ohms, Ro = 10 ohms, 

Km = 3 ,  and. g = 4000 micro-mhos, - = 1/13.16. T h i s  

c a n  be compared t o  t h e   o p e n   l o o p   v a f u e   o f  IL/In which is, 

4 3 

IL  
m I 

I L  1 1 
RO I n  I + -  + 

- =  - " (8) 
r 1.16 ... 

RS Rs(l  + 5) R 

T h u s   t h e   f e e d b a c k   r e d . u c e s   t h e   n o i s e   b y  a f a c t o r   o f  

a p p r o x i m a t e l y   e l e v e n ,  

6 



The s t a b i l i t y   a n a l y s i s  was d.one  by  using a root l o c u s  

p l o t  of GH g i v e n   b y   E q u a t i o n  (6). F i g u r e  5 shows t h i s  

p l o t   w h e r e   m e a s u r e d   v a l u e s  of T = 10 . a n d  T~ = 0.565 x 10 

were u s e d .   T h i s   p l o t   s h o w s  a f r e q u e n c y  of i n s t a b i l i t y  of 

2 . 5 5  MHz a t  a ICm of 2.66. 

-7  -7 
1 

From t h i s   p l o t  i t  can  b e   s e e n   t h a t  i f  t h e   d o u b l e   p o l e s  

d.ue t o  t h e   a m p l i f i e r  or t h e   p o l e   d u e  t o  t h e   s h u n t   p e n t o d e  

are moved closer t o  t h e   o r i g i n ,   t h e   f r e q u e n c y  of o sc i l l a t ion  

becomes lower a n d   t h e   s y s t e m   b e c o m e s   u n s t a b l e  a t  a lower 

v a l u e   o f   a m p l i f i e r   g a i n ,  a n d   v i c e  versa. Km 3 

I V .  EXPERIMENTAL  RESULTS 

The  system described by F i g u r e  1 w a s  s t u d i e d   e x p e r i -  

m e n t a l l y .   T h e   f o l l o w i n g  data h a v e   b e e n   o b t a i n e d .  

F i g u r e  6 s h o w s   t h e   d i s c h a r g e   c u r r e n t   n o i s e   i n   t h e  

band.width l o 3  - 5(105)Hz   w i thou t   f eedback .  

F i g u r e  7 s h o w s   t h e   c u r r e n t   n o i s e   w i t h   f e e d . b a c k .  A 

compar i son   o f   F igu res  6 and  7 shows t h e  n o i s e  has been  re- 

duced.   by  approximately a f a c t o r   o f   s e v e n .   T h e   e x p e r i m e n t a l  

v a l u e  of Km w h i c h   g a v e   t h i s   r e d u c t i o n  was 3. As n o t e d  

ear l ie r ,  t h e   c a l c u l a t e d .   v a l u e  of r e d u c t i o n  w a s  11. One 

s o u r c e   o f  error was i n s t r u m e n t a t i o n .   F i g u r e  7 c o n t a i n s  a 

s i g n i f i c a n t   a m o u n t   o f   n o i s e   f r o m   t h e   o s c i l l o s c o p e   a m p l i f i e r .  

The re  w a s  a s t r a y   n o i s e   p u l s e   r i d i n g   o n   t h e   g r o u n d  of t h e  

whole   sys tem.  Also, t h e   c a l c u l a t e d   n o i s e   r e d u c t i o n   a s s u m e d  

t h e  l o w  f r e q u e n c y  model w h e r e a s   t h e   m e a s u r e d   n o i s e   i n c l u d e d  

7 



c o m p o n e n t s   w i t h   f r e q u e n c i e s  up t o  5 x l o 5  H z .  

F i g u r e  8 s h o w s   t h e   e x p e r i m e n t a l   f r e q u e n c y  of o s c i l l a t i o n  

t o  be 2MHz when K is i n c r e a s e d   b e y o n d   t h e   p o i n t  of s t a b i l i t y .  

T h i s  compares f a v o r a b l y   w i t h   t h e   2 . 5 5  MHz d e t e r m i n e d  from 

t h e   r o o t - l o c u s   p l o t .   E x p e r i m e n t a l   v e r i f i c a t i o n   o f   t h e   e f f e c t s  

of t h e   p o l e s  of t h e   f e e d b a c k   a m p l i f i e r  was obta ined .   by   in -  

c r e a s i n g  t h e  a m p l i f i e r   r o l l - o f f   f r e q u e n c y  t o  one MHz. The 

sys t em  then   became   uns t ab le  a t  a v a l u e  of g a i n  of 15 and 

osc i l la ted  a t  a f r e q u e n c y  of 3MHz. T h - i s   q u a l i t a t i v e l y   a g r e e s  

w i t h  t h e  r e s u l t s   o f   t h e   r o o t - l o c u s   p l o t .  

F u r t h e r   e x p e r i m e n t a t i o n   v e r i f i e d  t h e  u t i l i t y  o f   t h e  

p h y s i c a l  model and t h e  root  l o c u s   p l o t .  

V. CONCLUSIONS 

I t  h a s  been   shown   tha t  t h e  f eed .back   sys t em  o f   F igu re  1 

c a n   b e   u s e d  t o  r e d u c e  t h e  d . i s c h a r g e   c u r r e n t   n o i s e .  From a 

s t a b i l i t y   s t a n d p o i n t  i t  h a s  been  shown t h a t  g r e a t e r   s t a b i l -  

i z a t i o n   a n d / o r   n o i s e   r e d u c t i o n   o b t a i n e d  when t h e  bandwidth 

o f   t h e   f e e d b a c k   l o o p  is made as wide as p o s s i b l e .   F u r t h e r ,  

and most i m p o r t a n t ,  t h e  ag reemen t   o f   expe r imen t   and   ca l cu -  

l a t i o n   i n d i c a t e s   t h a t  t h e  e q u i v a l e n t   c i r c u i t   u s e d   f o r  t h e  

d i s c h a r g e   t u b e  is a d e q u a t e  t o  d e s c r i b e  its b e h a v i o r .  

I t  is a n t i c i p a t e d  t h a t  similar r e s u l t s  w i l l  b e   o b t a i n e d  

when t h i s  t e c h n i q u e  is a p p l i e d  t o  t h e  laser.  One major 

change  w i l l  be t h a t  r w i l l  b e   n e g a t i v e   f o r   t h e  laser t u b e .  

T h i s  may a g g r a v a t e   s t a b i l i t y   p r o b l e m s   i f  r is l a r g e   e n o u g h  

t o  c a u s e  zeroes i n  t h e  r i g h t   h a l f   p l a n e .  

8 



REFERENCES 

1. P. T. Bo lwi jn ,  "Noise, Modula t ion   and  Zeeman Effec ts  
i n  He-Ne L a s e r s , "  Doctoral D i s s e r t a t i o n ,   S t a t e  
U n i v e r s i t y ,   U t r e c h t ,  The N e t h e r l a n d s ,  1967. 

2.  J.  A .  B e l l i s i o ,  C .  F r e e d ,   a n d  H .  A .  Haus, "Noise 
Measurements  on He-Ne L a s e r  Oscillators, App l i ed  
P h y s i c s   L e t t e r s ,  V o l .  4 ,   p p .  5-6, January  1, 1964. 

3. L. J. P r e s c o t t   a n d  A .  van der Z i e l ,  " G a s  D i s c h a r g e  
Modula t ion  Noise i n  He-Ne  L a s e r s , "  IEEE J. Quantum 
E l e c t r o n i c s ,  V o l .  QE-2, pp .   173-177 ,   Ju ly   1966 .  

4 .  Y .  K i n o s h i t a ,  H.  Maeda and M .  S u z u k i ,   " S c i n t i l l a t i o n  
Reduct ion   of  a Focused   Lase r  Beam i n  a T u r b u l e n t  Wind 
Tunne l , "   P roc .  of I E E E ,  V o l .  56,   pp.   69-71,   January 
1968.  

-" 

5. C .  Y e h ,   " N o t e   o n   P o s i t i v e   I o n   T r a n s i t  Time i n  G l o w  D i s -  
c h a r g e   T u b e s , "  J.  A p p l i e d   P h y s i c s ,  V o l .  27 ,   pp .  98-99, 
1956.  

- 

6.  M .  A .  Townsend  and W .  Depp, "Cold.  Cathode   Tubes   for  
T r a n s m i s s i o n  of Aud. io   Frequency   S igna ls , "  B e l l  S y s t .  
Tech. J . ,  V o l .  32 ,   pp .  1371, Nov. 1953. 

" 

" 

7 .  C .  Van Geel, " I n f l u e n c e   o f   S e l f - I n d u c t i o n   a n d   A f t e r -  
e f f e c t   i n  G a s  D i s c h a r g e s   o n   t h e i r   S t a b i l i t y , "   A p p l .  
" S c i .  R e s . ,  V o l .  B 5 ,  pp.  75-89,  1955-56. 

8. P .  J .  S e v e r i n ,  "Some Dynamic Aspec ts   o f  t h e  C a t h o d e   F a l l  
Region i n  a D.C.  G l o w  D i s c h a r g e , "   P h y s i c a ,  V o l .  29 ,  
pp.   83-92,  1963. 

9 .  A .  van der Z i e l  and E .  R.  C h e n e t t e ,  "Noise and  Impedance 
Measurements i n  Voltage Regula tor   Tubes ,"   Phys ica ,  V o l .  23 ,  
pp.  943-952,  1957. 

9 



Power 
Supply 

Rs OA2 

F i g .  1. Schematic  Diagram of Feedback  System 
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F i g .  3 .  S m a l l - s i g n a l   e q u i v a l e n t   c i r c u i t  for 
an OA2 d i s c h a r g e  tube. 
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F i g .  4 .  S m a l l - s i g n a l   e q u i v a l e n t   c i r c u i t  for 
l l current-current l l   feedback.  
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F i g .  5 .  Root-locus  plot for  
Feedback S t a b i l i z e r  
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Sca les :   Current  - 0 . 2  p amps/cm 

Sweep - 50 m sec/cm 

C u t o f f   f r e q u e n c i e s  of Scope   Ampl i f ier:  

v L  = 10 HZ 3 

vH = 5(10 )HZ 5 

F i g .  6 .  Current   noise   wi thout   feedback.  
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S c a l e s  : C u r r e n t  - 0 . 2  IJ. amps/cm 

Sweep - 50 m sec/cm 

C u t o f f   f r e q u e n c i e s   o f   S c o p e   A m p l i f i e r :  

3 vL = 10 HZ 

v H  = 5(105)~z 

F i g .  7 .  C u r r e n t  noise  w i t h  f e e d b a c k .  
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S c a l e  : Sweep - 0 .2  IJ- sec/cm 

Fig. 8. Curren t   waveform fo r  u n s t a b l e  system. 
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